During their transfer across estuaries, particles endure numerous cycles of deposition-resuspension accompanied by several redox oscillations. These oscillations are likely to modify the particles content of redox sensitive metals such as Fe, Mn and two rare earth elements (REE): Ce and Eu. The present paper focuses on the fate of particles originating from the Loire Estuary by the study of chemical composition changes of both total and ascorbate-extracted phases. Transformations of particles buried in the sediment are estimated from sediment cores sampled in an estuarine intertidal mudflat Changes affecting particles that are transferred to the ocean are evaluated by comparing the composition of suspended particulate matter (SPM) from riverine time series to coastal marine SPM. Our results show an important decrease of SPM iron content corresponding to a loss of 14.3% of total iron. However, no iron storage was observed in the intertidal mudflat. Manganese is probably also lost during the transfer but the riverine temporal variability prevents its quantification. The similarity of Ce and Eu signatures between highly concentrated SPM and sedimentary particles suggests that most estuarine transformations are probably induced by early diagenesis during deposition (and frequently anoxic) periods.
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Introduction
Estuaries are important reactors that modify riverine particles before their release into the ocean, controlling therefore the continental input in coastal waters. Estuarine hydrodynamics traps fine particles during low flow periods (Dalrymple et al., 1992) . During their storage, particles are shuttled from the water column to the sediment at slack tide, and resuspended during both ebb and flow. When numerous particles are in suspension, they form a localised maximum turbidity zone (MTZ). The drastic increase of suspended particulate matter (SPM) concentration within the MTZ generates immobilization and ultimately a fluid mud. When suspension events are less intense, the settled particles progressively consolidate into muddy sediments. By reducing light penetration, and being rich in organic matter, high particle concentration environments favour heterotrophic bacterial activity and often lead to oxygen depletion. This is compounded when convection is reduced. Consequently, the probability for one particle to be in an oxygen depleted environment increases with increasing particle concentration (water column < MTZ < fluid mud < sediment).
During a suspension event, particles and pore waters are remobilized locally, decreasing therefore the redox potential. New suspended particles will know more oxidative conditions compared to old suspended particles that endure reducing conditions (Abril et al., 1999) .
Moreover, for particles located in muddy sediments, the formation and abandonment of burrows generate respectively periods of oxic and anoxic conditions (Aller, 1982) . Therefore, particles undergo redox oscillations ranging from a few hours for suspension events to several weeks for burrows formation (Meysman et al., 2003) . First studies quantifying the impact of redox oscillations on suspended particles were based on observations of estuarine MTZ (Abril et al., 1999) and deltaic mobile mud (Aller, 1998) . The different redox-sensitive elements are dissolved according to the order predicted by the sequence of microbial anaerobic respiration processes (Froelich et al., 1979) . In a predominantly oxic environment affected by short anoxic events, NO 3 -and Mn oxides are the most reactive elements (Abril et al., 1999 (Abril et al., , 2000 (Abril et al., , 2010 Robert et al., 2004; Audry et al., 2006) . At the opposite, in a predominantly anoxic environment with short oxic events, stocks of NO 3 -and Mn oxide are quickly exhausted and Fe oxy(hydr)oxides become the most reactive species (Aller, 1998 (Aller, , 2004 Aller and Blair, 2006) . Simultaneously to the oxidant consumption, the so called -redox sensitive‖ elements are either trapped or released. Among them, the rare earth elements (REE) Ce and Eu have very close properties compared to other REE due to the progressive filling of the f-electron layer, except that they form different redox couples Ce(III)/Ce(IV) and Eu(II)/Eu(III).
Consequently, by comparison to other REE, Ce, and Eu have the potential to identify redox transformations among the numerous changes induced by other processes.
The overall impact of these oscillations, at the estuary scale, has not been properly investigated. Only few publications tried to correlate SPM composition with sediment processes (Trefry and Presley, 1982; Church, 1986; Regnier and Wollast, 1993; Zwolsman and Van Eck, 1993; Zwolsman and van Eck, 1999; Audry et al., 2007; Andrieux-Loyer et al., 2008) . In particular, it is not clear whether the repetition of dissolution/precipitation cycles for Fe and Mn oxides may:
(1) rejuvenate oxides and ultimately increase their bioavailability (Raiswell, 2011) , (2) increase iron oxide crystalline forms due to the preservation of the most crystalline phases during each dissolution cycle (Thompson et al., 2006) , (3) generate a transfer of Fe or Mn oxides from SPM to the sediment (Poulton and Raiswell, 2002; Raiswell, 2006) , 3 (4) result in an oxide loss for SPM (Moore et al., 1979) due to colloidal / nanoparticles shuttle (Lyons and Severmann, 2006; Lam et al., 2012) 
which favours downstream Fe or Mn transfer
to the open ocean.
Improving our knowledge on processes involving Fe and Mn oxides in estuaries will lead to a better understanding of oceanic iron supply pathways (Raiswell, 2006) and hence, a better description of micro nutrient involved in oceanic primary production (Martin and Fitzwater, 1988) . A better understanding of remobilisation of Fe and Mn oxides is also critical for the description of long term storage of organic carbon (Lalonde et al., 2012) and for the estimation of trace metal remobilisation in coastal environments (Négrel, 1997; Turner, 2000) . Our study aims to describe the importance of redox transformations in the cycle of reactive Fe and Mn in the Loire Estuary. In order to do so, several questions are to be answered:
(1) What are the overall changes of Fe and Mn content in SPM that result from estuarine processes?
(2) Where do most metal losses or gains occur (MTZ versus sediment)? Grosbois et al., 2001) . During summer, the low flow (down to 120 m 3 s -1 ) has lower SPM concentration with higher calcite and organic matter content due to primary production (up to 25% w/w and 37% w/w respectively; Manickam et al., 1985; Grosbois et al., 2001; Gorse et al., 2010) . The maximum turbidity zone (MTZ) dynamics at Donges (45 km downstream of Nantes; Fig. 1 ), is characterized by two re-suspension events of ~3 hours showing a maximum SPM concentration 1h30 before and 1h30 after the slack of low tide (network SYVEL, GIP Loire Estuaire). The MTZ is more charged in particles during spring tides and migrate upstream/downstream according to the river water discharge. Saliot et al. (1988) showed that organic matter in the MTZ is mainly terrigenous due to a typical buffering effect of MTZ in which labile organic matter is quickly consumed (Billen et al., 1986; Abril et al., 2002) . This buffering effect of the MTZ is further confirmed by the sharp decrease of C org with increasing SPM concentration within the MTZ, until reaching a constant value of C org (MTZ)=3-4% (Billen et al., 1986; Meybeck et al., 1988) . Particle residence time in the Loire Estuary ranges between 4 to 10 months (Ciffroy et al., 2003b) , i.e. until a flood expels them out of the estuary (Gernez et al., 2015) . The Loire Estuary is the main source of coastal SPM in the studied area with SPM discharge range from 0.5 10 6 t yr -1 to 2.3 10 6 t yr -1 (Figueres et al., 1985; Manickam et al., 1985; Migniot, 1993; Négrel, 1997; Jouanneau et al., 1999; Gorse et al., 2010) versus ~0.1 10 6 t yr -1 (Jouanneau et al., 1999) for the Vilaine River (Fig. 1) .
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Dissolved organic carbon (DOC) concentrations range between 2.4 and 10 mg L -1 with a slight increase during flood (Cauwet and Meybeck, 1987; Gorse et al., 2010) . The daily measurements of various parameters of the water column (SYVEL network) reveals a saline stratification mostly during neap tide and flood, as described in Le Douarec (1978) . Nutrients are not conservative along the salinity gradient and are highly variable due to primary production and benthic fluxes. Summer concentrations of chlorophyll-a have a median of 14 µg L -1 with a yearly maximum above 50 µg L -1 (Crouzet, 1983; Meybeck et al., 1988; Minaudo et al., 2015) . Other processes such as hydrolysis of hydroxyapatite, denitrification in the fluid mud and strong nutrient recycling, marked by algal community switches at low salinity (S<1 ; Morris et al., 1978; Meybeck et al., 1988) , can also be proposed to explain nutrient concentration variations.
Sampling
Estuarine and downstream SPM were collected during three sampling cruises on -N/O Thalia‖ according to the salinity gradient in the Loire Estuary and in the coastal area ( Figure   1 The duration of each transect was typically of 7 hours and they were performed simultaneously to the ebb tide for downstream transect and during the flood tide for upstream transect. Sometimes, a second day of sampling was necessary to complete the salinity gradient. Water from roughly 1 m below the surface was continuously pumped using an allTeflon pumping system made of PFA (Perfluoroalkoxy) tubing connected to a piston pump (ASTI, France) and brought into an on-board, pressurized clean room (Chiffoleau et al., 1994; Kraepiel et al., 1997) . Discrete samples (2L to 5L) were collected into acid cleaned PFA bottles under a laminar flow hood. Subsamples were then N 2 overpressure-filtered through pre-weighed acid-cleaned polycarbonate filters (0.4 µm, Nuclepore). After filtration, filters were rinsed with ultrapure water (Milli-Q, Millipore), stored in acid cleaned Petri dishes and frozen. Back to the laboratory, filters dedicated to total extraction were dried in an oven at 50°C while filters dedicated to ascorbate extraction were freeze-dried.
Simultaneously to the three cruises, 20 cm-long sediment cores were sampled at low tide in the mudflat. The sampling site (47°17'8.00"N 2°3'49.00"W) is located on the un-vegetated part of Les Brillantes mudflat ( Fig. 1 ; the largest mudflat of the Loire Estuary; ~1350 ha, GIP Loire Estuaire), below the mean high water neap tide level, approximately 500 meters offshore. There, sediment is mainly composed of silt (92%) and clay (6%) with rare sandy horizons (up to 37% for 63-2000 µm fraction; Benyoucef, 2014) . Total organic carbon concentrations range from 2 to 3 % w/w and oxygen penetration depth is shallower than 5 mm (Thibault de Chanvalon et al., 2015) . Sediment surface is often recovered by a biofilm with a density varying from 20 mg m -2 in January to 60 mg m -2 in July . One core (=8.2 cm) was sampled at each campaign and brought to the field laboratory. Within 6h, the centre of each core was sub-sampled into 2 mm, 5 mm, and 1 cm-thick slices to 20 cm deep. Mud samples were weighed then frozen. During the week after, samples were freezedried and ground in an agate mortar.
Analyses
Total extractions were processed on entire filters loaded with SPM or on ~200 mg aliquots of sediment samples, then digested with a mixture of nitric, hydrochloric and hydrofluoric acids and heated up to 130°C in closed Teflon bombs (Rantala and Loring, 1990) . Digests were then slowly evaporated to dryness and dry residues were taken up in 25 ml HNO 3 (10%, Suprapur© Merck) by heating up to 130°C. Analyses of Fe, Al, Mn and REE were performed using an ICP-Q-MS (iCAP Qc, ThermoFisher Scientific) equipped with a Peltier-cooled, quartz cyclonic spray chamber, a 200 µL/mn PFA nebulizer and a Nickel standard cones with insert. Elemental concentrations were determined using external calibration (5 to 6 points) in 8 diluted HNO 3 (3%). (BCR-667) was systematically measured every 10 samples to control ICP-Q-MS response.
Our results (n=15) are in good agreement with BCR-667 reference values (Fig. S2) . However, the two heaviest (Yb, Lu) and the two lightest (La, Ce) were systematically slightly underestimated resulting in an error of 6-8%.
For ascorbate extractions, samples were incubated in an ascorbate reagent (buffered at pH 8) during 24 hours (Kostka and Luther, 1994) . This technique allows to extract most reactive Fe(III) oxyhydroxides (Raiswell et al., 2010) supposedly close to those potentially reduced by microorganisms (Hyacinthe et al., 2006) as well as reactive Mn(III) and Mn(IV) oxides (Anschutz et al., 2005) . After extraction, samples were centrifuged (10 min at 3000 rpm) and the supernatant was diluted in HNO 3 (0.01 mol L −1 ). Samples were analysed using ICP-AES (Thermo Scientific iCAP 6300 Radial), with a precision (twice the relative standard deviation of ICP-AES triplicates) and accuracy (expressed as the relative difference between calculated
and measured values of standards) of less than 1.5% for both Fe and Mn. Grain size was analysed for 10 SPM samples (bulk water stored in the dark, at 4°C) and for a sediment core from the third campaign, using a Malvern 2000 without preparation treatment (Walling et al., 2000) . Analyses were performed less than 4 days after sampling. Table 1 Although it is less intense, Fe asc (Fig. 3c) shows a similar surface enrichment. However, the Normalized concentration of rare earth elements from sediment, riverine and coastal particles are shown in Fig. 4 . After Th-PAAS normalization, bell-shaped distributions are observed for nearly all samples. This MREE (from Sm to Ho) enrichment is typical of phases such as organic matter (e.g. Johannesson et al., 2004; Tang and Johannesson, 2010; Freslon et al., 2014) , Fe/Mn oxides (e.g. Johannesson et al., 1996; Zhang et al., 1998; Yang et al., 2002; Haley et al., 2004; Lim et al., 2014) , apatite (e.g. Grandjean et al., 1987; Hannigan and Sholkovitz, 2001) or carbonate (e.g. Banner et al., 1988) . It thus indicates the importance of post-weathered processes even if no specific mechanisms reach consensus (Zhang et al., 1998) . However, numerous intersects between different REE spectra can be seen around local maxima for Ce, Eu and Tm (Fig. 4) . These slope variations are typically described as "anomalies". Numerous mathematical definitions of "anomalies" exist (e.g. Lawrence and Kamber, 2006) . In the present study, only elemental ratios normalized on PAAS elemental ratio are considered (i.e. Ce/La = Ce sample /La sample /Ce PAAS /La PAAS ). Therefore, one anomaly around the n th REE can be estimated by calculating its ratio vs. its neighbouring REE.
Results
As Ce/La and Ce/Pr are well correlated (r 2 =0.96, data not shown), they provide the same information and no distinction is made between them. The ratio Ce/La shows a constant value in the sediment (Ce/La = 0.88, sd = 0.01, n = 14) and in the MTZ compared to other SPM samples (Fig. 5a ). The Eu/Sm ratio differentiates the sediment with low Eu/Sm ratio from the SPM (Fig. 5b) . However, the Eu/Sm ratio in the MTZ decreases with increasing SPM concentration until a sediment-like Eu/Sm value (Fig. 5b) (Fig. 5d ). Both Tm/Er and Tm/Yb variations are too small compared to analytical uncertainties to bring significant information.
Discussion
Working hypotheses
In order to draw conclusions on the part of mixing from two (or more) SPM sources and that of in situ chemical transformations in the observed variations of metal content in SPM, some working hypotheses are necessary. First, Al will be considered non-mobile and its content exclusively due to terrigenous inputs from the drainage basin. Therefore, normalization of metal content by Al would allow discarding the mixing of terrigenous and riverine particles.
Secondly, since the Loire River drainage basin is the main source of coastal SPM in the studied area, the variations of metal content due to mixing from other drainage basins will be neglected. Thirdly, as all samples are mainly fine silts, metal content changes of bulk SPM due to size-specific sedimentation (e.g. finer particle are typically enriched in metals) would be neglected as well. As a consequence, differences between riverine and coastal SPM will be assumed to be caused by chemical transformations. (Table S1 ). The importance of flow and season on chemical composition of upstream SPM has been described by a 2-year time series (Grosbois et al., 2001 ). As our data mostly describe riverine inputs during flood (Q>1000 m 3 s -1 for 2013 and 2014 upstream time series), we expected to sample mostly terrigenous particles (Grosbois et al., 2001 ). However, the alignment of our samples with Grosbois et al. (2001) 
River flux control
with C 1 and C 2 , being the concentrations of phases 1 and 2.
A plot of Mn and Al contents versus 1/SPM (Fig. S3 ) shows that this model explains 67% and 49% of Mn and Al content variations, respectively. Moreover, this model defines the content of the two phases represented by the red stars in Fig. 2b (i.e. Al=6.89±0.85% and Mn = 1510 13 ± 220 mg kg -1 for SPM 1 and Al = 9.84 ± 1.30 % and Mn = 692 ± 103 mg kg -1 for SPM 2 ). The riverine Mn/Al variation covers the whole range of Mn/Al ratio found in coastal and estuarine SPM. Therefore, the Mn/Al ratio is not able to trace estuarine transformations. To sum up, the study of riverine SPM allows defining a riverine end-member only for Fe/Al, therefore allowing identification of estuarine processes.
Signature of benthic transformations
Estuarine processes are mostly induced by the variation of two main environmental parameters:
(1) Daily average salinity around each particle progressively increases as the particles move downstream. However, as particles move slower than the surrounding water, they encounter also salinity oscillations due to tidal cycles. These salinity variations generate exchanges between dissolved phase (<0.4µm) and SPM through processes such as adsorption and desorption (Ciffroy et al., 2003a) controlled by resuspension and deposition events, mostly driven by tidal cycles (period of oscillation of 6h) or episodic wind events. Once particles settle and consolidate in a mudflat, redox oscillations become controlled by macrofaunal burrowing. As a result, the redox oscillation period increases up to few weeks (Wheatcroft et al., 1990; Meysman et al., 2003 Meysman et al., , 2008 (Fig. 3a) , and a decrease of Fe asc content between 0.17 and 0.55% w/w (Fig. 3c ).
These losses correspond to long-term transformations since bottom particles have been (Fig 6b) .
Contrastingly, estuarine SPM do not line up with sediment samples (Fig. 6b) and present a variable Mn asc /Al enrichment. This is despite a nearly constant Mn/Al value that could be explained by a phase switch from a part of Mn asc to a non-ascorbate-sensitive solid phase occurring when particles settle (or in the very first moment after deposition). Therefore, 2 reactions are necessary to explain the Mn asc during settling (1) an unknown fast transformation from Mn asc to another Mn phase at the sediment surface or in the MTZ and (2) a loss of Mn asc (generating also a Mn loss) on the long term, probably due to the reductive dissolution of Mn oxides. After this second reaction, a part of dissolved atoms leaves the sediment by diffusion and generates a loss of Mn asc and Mn while another part precipitates into Mn oxides which generates a gain of both Mn asc and Mn (as observed at 0.5 cm depth; Fig. 3a) . It is striking that no transformation of Mn asc to a non-ascorbate-sensitive phase is observed for deep sediment (Fig. 6b) , as expected if a third part of the dissolved atoms precipitates within the anoxic sediment (e.g. in a carbonate/sulfidic form). 
Particles transfer from sediment to MTZ
Fe/Al and Mn/Al ratios in the MTZ are roughly similar to elementary ratios of surface sediments ( Fig. S4 ) which would indicate an intensive mixing of particles from both the MTZ and surface sediments. However, these ratios are also similar to riverine particles ratios, preventing their use to characterize the transfer of sediment particles to the MTZ.
The study of REE signatures may help to deal with this issue since Ce and Eu are the only REE sensitive to redox conditions. Cerium (II) oxidation can be produced by the available oxygen within the water column (e.g. Elderfield et al., 1981; Dubinin et al., 2013) or by MnO 2 (Ohta and Kawabe, 2001 ) while Ce (IV) reduction can be generated by low redox potentials (Elderfield and Sholkovitz, 1987) and/or acidic conditions (Elderfield et al., 1990; Xu and Han, 2009 ). The high values of Ce anomalies in SPM (Fig. 5a ) are often associated with Mn oxides coating under oxic conditions (Sholkovitz et al., 1994) . The large data spread (Fig. 5a) and the non correlation of Ce/La with Fe/Al or Mn/Al (data not shown) indicate as many scenarios of different redox stages. Contrastingly, a specific process maintains a constant and low Ce/La ratio in the sediment and MTZ (Fig. 5a ). In fact, the dissolution of Ce oxides in the suboxic sediment or in the acidic conditions produced by aerobic respiration may lead to the low Ce/La ratio observed in the sediment (Fig. 5a) . However, the constant Ce/La ratio could also originate from the sedimentary enrichment of REE (Fig. 5d ) and the subsequent mass dilution of positive Ce anomalies due to particle coating. As observed by Elderfield and Sholkovitz (1987) , Sholkovitz et al. (1989) or Haley et al. (2004) , an important upward flux of dissolved REE with low Ce/La ratio may precipitate simultaneously with Mn oxides (German et al., 1991; Sholkovitz, 1992) and may also explain the observed sediment enrichment (Fig.   5d ).
Eu/Sm decreases when SPM concentration increases reaching a crustal value (close to 1) in the sediment (Fig. 5b) . Theoretically, Eu (III) reduction into Eu (II) requires temperatures typical of hydrothermal activities (Sverjensky, 1984; Dubinin, 2004) , which is unlikely to occur in the Loire Estuary. However, several studies on low temperature processes report similar positive Eu anomalies in particles from Chesapeake Bay (Hannigan et al., 2010) , Changjiang River and Estuary (Zhang et al., 1998; Yang et al., 2002 Yang et al., , 2003 ), Loire River SPM (Négrel and Grosbois, 1999) , and in geological aged material (Ogihara, 1999; Kidder et al., 2003; Murthy et al., 2004; Leybourne et al., 2006) . Moreover Zhang et al.
(1998) and Gerard et al. (2003) in the Changjiang and Amazon Basin respectively, found also a systematic high Eu/Sm ratio in SPM and low Eu/Sm in bedload sediment. The preferential weathering mobilization of Eu(II) available in host rocks (Leybourne and Johannesson, 2008) and subsequent precipitation with ascorbate sensitive Fe oxides ( (Fig. 2) . This mismatch is probably induced by a decrease of Mn/Al ratio in particles as they go across the estuary.
Since the studied particles have a similar source defined by the riverine Fe/Al ratio, the comparison between Fe/Al ratio after redox oscillations during estuarine transfer (Fe/Al=0.478, Fe loss of 14.3%) and after early diagenesis during burial (Fe/Al=0.52, Fe loss of 6.7%) shows that estuarine transfer induces more important metal loss than sedimentary burial. Since SPM probably undergoes more redox oscillations, this comparison shows that the number of redox oscillations is more important than time span under anoxic conditions. It is probably because during short anoxic oscillations, sulfidic conditions cannot install and efficiently trap Fe as FeS.
Conclusion
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